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Abstract. We present a comprehensive discussion about the origin of the features in the
leptonic component of the cosmic-ray spectrum. Working in the framework of a up-to-date
CR transport scenario tuned on the most recent AMS-02 and Voyager data, we show that
the prominent features recently found in the positron and in the all-electron spectra by
several experiments are explained in a scenario in which pulsar wind nebulae (PWNe) are
the dominant sources of the positron flux, and nearby supernova remnants shape the high-
energy peak of the electron spectrum. In particular we argue that the drop-off in positron
spectrum found by AMS-02 at ∼ 300 GeV can be explained — under different assumptions —
in terms of a prominent PWN that provides the bulk of the observed positrons in the ∼ 100
GeV domain, on top of the contribution from a large number of older objects. Finally, we
turn our attention to the spectral softening at ∼ 1 TeV in the all-lepton spectrum, recently
reported by several experiments, showing that it requires the presence of a nearby supernova
remnant at its final stage.
1Corresponding author.
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1 Introduction
The origin and transport properties of leptonic cosmic rays (CRs) have intrigued scientists
for decades. Differently from the nuclear components of CRs, the propagation of CR leptons
in the interstellar medium (ISM) of the Galaxy is characterized not only by a diffusive
propagation but also by strong energy losses which — above few GeV — are dominated by
synchrotron emission and Inverse Compton (IC) scattering.
Those losses, that are at work both during the acceleration process in the source envi-
ronment and the propagation in the ISM, are likely to be responsible for the steeper spectrum
observed for CR electrons with respect to that of CR hadrons, as well as of its lower maximal
energy. Furthermore, the transition from a diffusion-dominated to loss-dominated regime in
the ISM is expected to produce a cooling break in the propagated spectrum of CR leptons.
The accurate measurement of such features in the CR lepton spectrum — which may be
observed either directly at Earth or indirectly by looking for its imprint on the synchrotron
and IC diffuse emission spectra — may offer valuable clues on the source ages/positions as
well as on the details of CR transport. Moreover, given the ∝ E2 scaling of the leptonic
energy-loss rate, the effective horizon associated to CR leptons progressively shrinks with
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increasing energy, hence the stochastic nature of the sources is expected to play a more
and more important role with increasing energy. This trend implies even more pronounced
features at high energies, as noticed already in [1] and further elaborated in more recent
times [2, 3].
On the experimental side, several experiments have recently provided accurate measure-
ment of the electrons or electron+positrons spectrum up to ∼ O(10) TeV and have revealed
several features. It is therefore challenging to connect these observed features to the physics
arguments explained above.
Regarding the electron spectrum, we remark in particular that the AMS-02 e− spectrum
exhibits a hardending at ' 40 GeV [4]. At even higher energies, H.E.S.S. [5, 6], DAMPE
[7] and CALET [8] measured the e− + e+ spectrum up to ' 20 TeV and outlined a sharp
softening at ' 1 TeV. Above that feature, the power-law spectrum extends with no clear sign
of cutoff all the way up to the maximal detected energy.
Another valuable piece of information comes from the spectrum of CR positrons. A
guaranteed flux of e+ is expected due to the interaction of CR nuclei (mainly protons and
Helium) with the ISM gas. This component is expected to decrease with respect to the e−+e+
flux with increasing energy. However, the discovery of an increasing positron fraction above
10 GeV by PAMELA [9], later confirmed and better characterized by AMS-02 [10], was then
corroborated by the measurement of the absolute e+ spectrum by both experiments [11, 12]
showing than the anomaly cannot be attributed to a steeper-than-expected e− spectrum and
that a primary origin of Galactic high-energy positrons needs to be identified. More recently,
the AMS-02 Collaboration provided a clear evidence of a cutoff in the e+ spectrum at about
∼ 300 GeV [13] which may shed light on the nature of their source(s) and is not expected in
alternative transport scenarios where CR positrons are entirely interpreted as secondaries of
CR nuclei [14].
In this paper we investigate whether nearby and relatively young cosmic accelerators
such as supernova remnants (SNRs) — which can accelerate high-energy hadrons and elec-
trons via diffusive shock acceleration [15–18] — and pulsar wind nebulae (PWNe) — which
are expected to be symmetric electron+positron pairs emitters [19, 20] — can explain those
experimental results in the context of a large-scale CR transport setup tuned on the most
updated CR nuclei data.
We notice that a scenario invoking PWNe as the origin of the positron excess has recently
received further support from the detection of TeV γ-ray halos around the Geminga and
Monogem nearby pulsars by HAWC [21] and by Fermi-LAT [22], which has been interpreted
in terms of IC emission from a fresh population of electrons and, plausibly, positrons [23].
The structure of the paper is the following. We first identify a transport scenario that
provides a satisfactory description of light nuclei CR data released by AMS-02 mostly and
which is required to fix the diffusion parameters which enter in determining the shape and
the features in the propagated lepton spectra. Then, we turn our attention to the positron
flux and model its observed spectrum and its features in terms of a conventional secondary
component produced by hadronic spallation, a primary extra component that dominates at
intermediate energies and originates by a large number of distant, old pulsars, plus one or
few nearby pulsars as the main possible contributor at high-energies. Finally, we concentrate
on the electron and all-lepton data and analyze the contributions from nearby asymmetric
accelerators within the same transport scenario.
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2 Characterization of the large-scale CR transport scenario
In this section we settle the CR transport setup that will be adopted throughout the paper.
It is understood that this setup captures an effective large-scale average of CR transport
properties and does not account for strong local fluctuations, as those pointed out for in-
stance in [21]. We will show a posteriori that the presence of those regions of very effective
confinement does not significantly affect the results of our analysis.
2.1 Description of the setup
The usual starting point is the phenomenological equation that captures CR diffusion in
space and momentum, energy losses, advection, reacceleration, nuclear spallation and decays
[24, 25]:
−∇˜ · (D~∇Ni + ~vwNi) + ∂
∂p
[
p2Dpp
∂
∂p
(
Ni
p2
)]
− ∂
∂p
[
p˙Ni − p
3
(
~∇ · ~vw
)
Ni
]
=
Q+
∑
i<j
(
cβngas σj→i +
1
γτj→i
)
Nj −
(
cβngas σi +
1
γτi
)
Ni
(2.1)
The equation is solved for all the relevant species with DRAGON [26, 27], and the following
settings are specified:
• As far as CR nuclei (and protons) are concerned, we adopt a continuous source distri-
bution in two dimensions — cylindrical symmetry — taken from [28]. Such distribution
accounts for the spatial distribution of both type Ia (traced by old disk stars), and type
II (traced by pulsars) supernovae.
The injection spectrum for each species is modeled as a broken power-law in rigidity.
Two breaks are introduced to effectively reproduce low-energy data as well as the
hardening measured by AMS-02 and other experiments at few hundred GeV/n1.
• For the aim of this study we assume uniform and isotropic CR diffusion characterized
by a spatially-independent scalar diffusion coefficient that exhibits the following scaling
as a function of rigidity:
Dxx(p) = D0
(
ρ
ρ0
)δ
(2.2)
where D0 ≡ D(ρ0) is the diffusion coefficient normalization at a reference rigidity, that
in this work we fix to be ρ0 = 1 GV.
• We account for diffusive reacceleration adopting a finite value of the Alfve`n velocity vA
which fixes the diffusion coefficient in momentum space through the expression [25, 29]
Dpp(p) =
v2A p
2
δ(4− δ)(4− δ2)Dxx(p) . (2.3)
1Although this features is likely due to CR diffusion as suggested by the stronger hardening found by
AMS-02 for secondary nuclei, for the aims of this study our approach is equivalent to introducing a break in
the diffusion coefficient.
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vA [km/s] D0 [m
2/s] δ Γinj,L ρb,1 [GV] Γinj,M ρb,2 [GV] Γinj,H
p
13 1.98 · 1024 0.45
1.8
7
2.4 335 2.26
He 2.0 2.28 165 2.15
C 2.0 2.38 165 2.15
O 2.0 2.38 165 2.15
Table 1: The values of the main source and propagation parameters characterizing our reference
transport model are reported in this table.
• The hadronic energy losses (ionization and Coulomb scattering) are naturally taken
into account in the standard DRAGON implementation. Bremsstrahlung, synchrotron
and Inverse Compton losses are also considered for leptons, as implemented in the
public DRAGON code.
The astrophysical ingredients relevant for the computation of the energy-loss term are
the following:
– A smooth, cylindrically symmetric gas distribution, taken from [30, 31] and im-
plemented in the standard public version of both GALPROP [32–34] and DRAGON.
– The magnetic field, parametrized as in [35]; given that parametrization, we set
B0,disk = 2µG, B0,Halo = 4µG and B0,turb = 7.5µG.
• Concerning the spallation (σi→j) and inelastic scattering (σi) cross-sections, in order to
allow a more direct comparison with most of the related literature we use the routines
implemented in the standard public version of GALPROP [33, 34] (see however [36] for
an alternative compilation).
2.2 Setting source and transport parameters against CR nuclei data
While gas density, magnetic and interstellar radiation field distributions are fixed (though
with some uncertainties) on the basis of astronomical data, CR injection spectra and diffusion
parameters are largely unknown and have to be settled by comparing DRAGON predictions with
CR data. We use here AMS-02 data for almost all species and the B/C ratio (see references
in the caption of Figure 1) complemented with Voyager data for low-energy protons and
other nuclei outside the Heliosphere (unmodulated), and HEAO-3 [37] to determine the
normalization of nuclear species heavier than Nitrogen.
We performed a multi-dimensional grid of DRAGON runs and identify a satisfactory sce-
nario, characterized by the parameters listed in Table 1.
It should be noted that an approximate degeneracy holds between the diffusion coeffi-
cient normalization and the diffusive halo height scale H since the CR escape time, hence
the secondary/primary ratio, only depends on the ratio D0/H. In this paper we use H = 4
kpc.
As shown in Figures 1a and 1b, the observed spectra are reproduced introducing a low-
energy break at 7 GeV/n, for all species, and a high-energy hardening at 335(165) GeV/n
for protons (heavier nuclei).
Similarly to the results reported in [44], and — more recently — in [45, 46], the B/C
ratio is nicely matched for a value of δ close to 0.45. Performing a statistical analysis aimed
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Figure 1: The propagated spectra computed with our reference model of (a) protons, (b) Helium,
Carbon and Oxygen (Oxygen flux is divided by 10 for clarity) are compared with AMS-02 [38, 39] (ac-
counting for solar modulation) and Voyager [40] (interstellar) data. In (c) the B/C ratio is computed
for the same model and is plotted against AMS-02 experimental data [41]. (d) Primary and secondary
production of electrons and positrons, computed with DRAGON. The red and blue dots are AMS-02
experimental data [4, 13]. The silver band accounts for the solar modulation 〈φmod〉 = 0.54 ± 0.10,
estimated according to [42, 43] for the whole period of data taking.
at the determination of the uncertainties on the propagation parameters is beyond the aims
of this work. We notice however that varying the main parameters in the small allowed
ranges found in [46] would have no relevant impact on the electron and positron spectra and
the conclusions of this work.
2.3 Primary electrons and secondary positrons
In the standard CR transport scenario, the Galactic SNRs are expected to generate the bulk
of the observed CR electrons as well. Moreover, a guaranteed source of secondary electrons
and positrons is provided by the scattering of CR nuclei — mostly protons and 4He — with
the ISM gas.
As far as the primary electrons are concerned, we remark that, although the acceleration
mechanism is expected to be the same as the one at work for the nuclear species, the injection
spectrum into the ISM should be steeper (with ∆Γ as large as up to ∼ 0.4) due to synchrotron
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losses in the SNR magnetic field, which is also amplified by CR-induced turbulence [47].
Moreover, as shown in [48], the spiral pattern induces an extra steepening because of the
enhanced energy losses experienced by the leptonic component due to the larger average
distance of the sources from Earth.
Therefore, we compute the propagated spectra at Earth with DRAGON adopting the setup
derived in the previous paragraph and implementing an electron injection spectrum Γeinj = 2.7
(1.6) above (below) 7 GeV. The result is shown in Figure 1d. We notice that the DRAGON
output is in good agreement with analytical computations [14, 49] predicting a propagated
spectral index Γ = Γinj +
δ
2
+
1
2
above few GeV.
The AMS-02 e− are well reproduced up to ∼ 50 GeV, where the measured spectrum
displays a clear hardening (see Figure 1d).
That feature corresponds to the expected breakdown of the assumption of a continuous,
steady-state source term that characterizes the large-scale models developed with DRAGON.
Indeed, the mean distance between active SNRs is expected to be of few kpc’s. As a con-
sequence, we expect that already above ∼ 100 GeV the energy losses will limit the number
of SNRs contributing to the observed CR electron flux to just a few. The contribution of
individual CR electron sources will be discussed in detail in Section 4.
As far as the secondary positrons are concerned, we compute the propagated spectrum
at Earth with DRAGON within the same transport setup. The result is also shown in Figure 1d.
Similarly to what was already pointed out with the first release of the PAMELA data [50],
we find that above few GeV this component is much steeper than expected, hence cannot
reproduce the data.
Even though alternative CR propagation scenarios may be invoked to account for the
unexpected production of positrons [51], as well as interpretations based on dark matter
annihilation (see for instance the recent review [52] and references therein), lepton pair emis-
sion from pulsar wind nebulae seems to be a more natural candidate. We will assess their
contribution in the next paragraph.
3 The positron excess
In this section we focus on positron data and present a detailed discussion on their possible
interpretations. In particular we address from the phenomenological point of view the role of
local and distant sources of relativistic electron+positron pairs, such as pulsar wind nebulae
(PWNe): we discuss whether a scenario in which the positron flux is dominated by this class
of sources is viable (both from the point of view of the energy budget and of the spectral
features) and assess whether the current data allow us to pinpoint which PWNe are most
likely to contribute in the different energy ranges.
3.1 Setting the stage: basic aspects of pulsar acceleration in pulsar wind nebulae
and relevant caveats
Pulsar wind nebulae are structures found inside the shells of supernova remnants, which
emit a broad-band spectrum of non-thermal radiation powered by fast-spinning magnetized
neutron stars with a typical radius R ∼ 10 km and periods of O(0.1− 10) s, typically detected
in the radio and/or gamma-ray band as pulsars.
As mentioned in the Introduction, the role of pulsars and PWNe as relevant and efficient
antimatter factories, mostly in the form of electron+positron pairs, and their contribution
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to the electron+positron flux detected by space-borne experiments has been discussed for a
long time in the literature, since the pioneering works of the past century [1, 53, 54]. We will
recall in this section some important aspects of the physics that characterizes these objects
in order to motivate our phenomenological parameterization of the problem.
In order to characterize the emission from a PWN, it is important to assess: 1)
the energy release as a function of time, and 2) the acceleration mechanisms of the elec-
tron+positron pairs, hence the energy spectrum of such leptons when they are eventually
released in the interstellar medium (ISM).
1. Regarding the former, we recall that the pulsar spin-down is usually described by the
following model-independent equation:
Ω˙(t) = −κ0 · Ω(t)n, (3.1)
where Ω(t) = P−1 is the rotation frequency, κ0 and n are parameters that depend on
the specific energy-loss process; in particular n is commonly called braking index.
This equation can be solved to get Ω(t) and the time evolution of the luminosity, which
can be written as follows, in terms of the conversion efficiency (η±) of the released
energy into e± pairs:
L(t) = IΩ(t)Ω˙(t) =
η±L0,γ(
1 + tτ0
)n+1
n−1
(3.2)
where we defined
τ0 ≡ 1
(n− 1)κ0Ωn−10
. (3.3)
Here, t is the age of the source, provided that the diffusive time (t∗ ≡ t∗(E)) needed
for a particle to travel from the source to the Earth is much smaller than the age itself,
which is true for nearby (d ∼ O(100) pc) sources of high-energy leptons (O(100) GeV).
If the energy loss mechanism that causes the pulsar spin-down is exclusively magnetic
dipole emission (MD), the braking index becomes n = 3 [55]. In this case, the charac-
teristic timescale of the frequency (and luminosity) drop is given by
τMD0 =
3Ic3
B2R6Ω20
(3.4)
where I is the moment of inertia of the spinning neutron star, B is the surface magnetic
field, Ω0 is the initial frequency. However, it is important to point out that the actual
measurements of the pulsar braking index are very challenging and available for a
limited number of cases only [56], and in each of them the results show values of
1.9 < n < 2.8, significantly different from the ideal MD model.
It is important to comment about the interplay between the braking index n, the pulsar
age and the characteristic energy-loss time τ0. Within the magnetic-dipole emission
framework, the directly observed quantities P and P˙ allow, under the assumption
P0  Pcurrent ≡ P , to infer a characteristic age of the pulsar [55]:
tch ≈ P
(n− 1)P˙ =
P
2P˙
. (3.5)
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For all the nearby pulsars observed and tabulated in the ATNF catalogue2 [57] the
ratio between this quantity and the theoretical spin-down decay time given by Equation
(3.4) is typically one order of magnitude lower than 1 (∼ 0.3), which would allow to
approximate (at the very first order) the pulsar energy output as a constant over time,
as clearly seen Taylor-expanding (3.2) L(t) ≈ η±L0,γ (1− n+1n−1 · t/τMD0 ).
However, this is a model-dependent consideration. Given the large discrepancy between
the MD-predicted braking index and the observed ones, other energy-loss mechanisms
might be at work, and this leaves us with high uncertainties on the τ0 parameters, which
represents the time evolution of the luminosity function. This parameter could in fact
be much smaller than the age of the source, which would allow us to approximate the
particle release as instantaneous. Therefore, in the following we will consider the two
limiting cases of burst-like injection of particles (discussed many times in the literature)
and constant-luminosity injection, in order to bracket the above-mentioned uncertainty.
2. As far as the second aspect is concerned, we recall that the broad-band radiation
emitted by PWNe can be typically modeled as synchrotron and IC emission from a
population of relativistic electrons and positrons distributed in energy as a broken
power-law spectrum. These leptonic pairs, initially extracted by the surface of the
neutron star, are then most likely accelerated at, or close to, the termination shock
(TS) by a variety of possible mechanisms.
The current data regarding the non-thermal radiation (in Radio and X-ray frequencies)
emitted from several well-observed PWNe [58] require a lepton spectrum which has the
shape of a broken power law, with a hard spectrum (with slope 1 . Γinj . 2) below
a break at ∼ 200 – 400 GeV, and a steeper one (Γinj > 2) at larger energies (see
[20, 59–61]). The hard, low-energy spectrum has been object of debate over the years,
and several acceleration mechanisms were proposed, including magnetic reconnection
at the TS and resonant absorption of ion-cyclotron waves.
In the following, inspired by these considerations, we will adopt both the broken power-
law parameterization, and a single power law with exponential cutoff as well, to allow
comparison with many previous results (see for instance the recent reviews [52, 62] and
the references therein).
As a final remark, we point out that the particles are expected to be released from the
PWN region with some delay. This delay is given by the time the pulsar — due to its proper
motions — takes to leave the associate SNR shell, which is estimated to be trel ∼ 6 · 104
yr for pulsars (see Appendix C). In the same Appendix we will discuss how that value may
grow taking into account the results of recent analyses of the HAWC [21] and Fermi-LAT
[22] data for the Geminga and Monogem regions, showing that e± diffusion may be delayed
around those objects.
3.2 Diffusive propagation of leptons in the Galaxy: study of the analytical
solution
With the parametrization of the source term and the delay of the particle release properly
settled, we now turn our attention to the propagation of the electron+positron pairs from
individual sources in the ISM.
2http://www.atnf.csiro.au/people/pulsar/psrcat/
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Figure 2: Solution of the transport equation for a decaying-luminosity single-source, plotted for
objects of (a) different ages and fixed distance (1 kpc) and (b) different distances and fixed age (1 ·106
yr). The order of magnitude of the energy-budget is compatible with the one expected from pulsar
emission (O(1047− 1049erg)). The injection index is Γinj = 1.7, although we verified that the shifting
is independent of it. It is clear how, for older sources, the emission peak shifts to the low-energy
range.
We describe the transport process by means of a simplified version of the equation (2.1)
where low-energy effects such as advection and reacceleration are neglected and spherical
symmetry is assumed.
Under these assumptions, we can write:
∂f(E, t, r)
∂t
=
D(E)
r2
∂
∂r
r2
∂f
∂r
+
∂
∂E
(b(E)f) +Q, (3.6)
where b(E) is the energy-loss rate. This term, in general, takes into account a variety of
processes (ionization, Coulomb scattering, bremsstrahlung, inverse Compton, synchrotron).
While the DRAGON setup accounts for all these loss processes in a spatial-dependent framework,
in this section we approximate the energy loss term as
dE
dt
' −b0E2 (3.7)
with b0 = 1.4 · 10−16GeV−1 s−1. This expression captures the dominant leptonic pro-
cesses (Inverse Compton and synchrotron) in the local environment, as far as the energy
range of interest for the present work is concerned (E > 1 GeV).
Equation (3.6) can be solved analytically [54], as detailed in Appendix A.
For the purpose of this work, we are interested in the behaviour of the solution as
a function of the age and distance. A time-decaying luminosity function as the one given
in Equation (3.2), assuming a power-law injection spectrum, yields the solutions plotted in
Figure 2.
The prominent peak in the solution is due (at fixed distance) to the interplay between
the diffusion dominating at low energy and energy losses at high energy. While a burst-like
injection gives rise to a sharp cutoff above the peak energy, a long-lasting source results in a
plateau or even a growing-with-energy behaviour for large values of τ0 or short distances.
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Taking into account the possible presence of UV cutoff in the source spectrum (see dis-
cussion in the previous paragraph), the peak energy is determined by the following condition
Emax(t) = min
{
1
b0(t− trel) , Ecut
}
, (3.8)
where t is the age of the source and trel the time it takes for particles to leave the source
region. Therefore, the peak progressively shifts towards lower energies for increasing PWN
age.
3.3 The contribution from old and young pulsars to the positron flux
We start by considering the low-energy part of the positron spectrum and assume that it is
originated by a large number of PWNe with age older than ∼ 106 years.
This assumption is motivated by the trend regarding the peak energy outlined above,
and by the fact that, below ∼ 100 GeV, the diffusion horizon (dmax =
√
4D(E)(t− trel))
grows up to few kiloparsecs. Within that distance, a very large number of pulsars are
observed, and — provided that the diffusive time of their injected particles is smaller than
their ages — all of them are expected to contribute to the flux reaching the Earth, at energies
that get lower with increasing age.
The cumulative spectrum of this “large scale” e± component is therefore the convolution
of the contributions from many single sources, as discussed in the above, integrated over their
age distribution.
A detailed Monte Carlo simulation of this integrated contribution is beyond the scope
of this paper and is postponed to a dedicated work. However, we tested the cumulative
contribution from a sample of 104 pulsars with ages between 106 and 108 yr (the sample
number is compatible with the observed SN rate [63]), assuming that e± pairs are injected
from these sources with a total energy budget in the [1046 – 1049] erg range, and with spectral
indices between 1.3 and 1.9. We found that the simulated total spectrum from those sources
displays a small scatter for different realizations of the pulsar distribution and — with good
approximation — typically follows a smooth power-law.
Motivated by these considerations, we choose to consider an effective modeling of such
large scale e± component within the DRAGON framework, similarly to what done in previous
works (see e.g. [64]). Therefore, we add to our setup a charge-symmetric smooth (Γextra =
2.28) extra-component with the same spatial distribution of SNRs and tune its normalization
to AMS-02 data.
We now focus on the high-energy part E > 100 GeV of the e± spectrum which should
receive a significant contribution either from relatively young pulsars (t . 105 years) or even
by older pulsars if they are long lived.
The key aspect in this energy domain is the pronounced drop-off in the positron spec-
trum observed by AMS-02 above ∼ 250 GeV. The considerations discussed so far may lead
us to two distinct interpretations of this feature:
• Given the properties of the analytical solution, assuming that no relevant spectral
steepening or cutoff is present at the source in this energy range, it is possible to
ascribe the feature to the interplay between diffusion and energy loss. This would
imply a dominant contribution in this range from a number of pulsar wind nebulae
of approximate age of ∼ 106 yr (see Figure 2a). Besides, in order to reproduce the
above-mentioned drop-off in the data, such PWNe should be at a distance larger than
– 10 –
or, at least, similar to ∼ √4D(E = 230 GeV) · (tage = 106 yr) ≈ 1.5 kpc (see Figure
2b).
• Alternatively, given our knowledge of the injection spectrum of PWNe, summarized
in Section 3.1, a natural interpretation is that the positron flux around 200 GeV is
dominated by few (or one) nearby, young pulsar wind nebulae, which provide a rele-
vant contribution on top of the diffuse, large-scale component discussed above, and is
characterized by either a spectral break or a cutoff at that energy, explained by the
acceleration processes taking place near the termination shock.
Below we will explore the second option leaving a deeper analysis of the first one to a
forthcoming work. We just mention that a detailed Monte Carlo simulations was recently
performed in [65]3.
3.4 Characterization of the high-energy flux
We here investigate in further details the case where, on top of the secondary positron flux
and a large-scale extra component associated to a large number of old PWNe — as discussed
in Section 3.3 — the high-energy positron flux is dominated by the contribution from a
prominent young object featuring a break or a cutoff in the injection spectrum of e± pairs.
In order to do so, we consider four different scenarios, deriving from the combination
of two limit behaviours of the luminosity function (i.e. burst-like injection and constant-
luminosity injection) with the two possibilities for the injection feature (i.e. exponential
cutoff and break).
These are parametrized in the single-source term Q(E, r, t) of the transport equation
(3.6) (for a detailed discussion on the solutions here used, we refer again to Appendix A).
In each case, the properties of the young, dominant object are assessed by means of a
Bayesian fit. We implement our theoretical knowledge of the problem by setting priors on
the injection index, that we expect to be Γinj ∈ [1, 2], and on the critical energy above which
we expect the injection feature to come into play, Ecut, break > 150 GeV. For the burst-like
injection we consider the age and distance of the Monogem pulsar, while for the constant-
luminosity we use age and distance of Geminga. This is accordance to what is shown and
discussed in Appendix D, where all the high-energy nearby (within 1.3 kpc) sources are
plotted in both injection scenarios, and the dominant contribution is assessed in both cases.
The resulting plots are shown in Figure 3 and the Maximum-a-Posteriori (MAP) pa-
rameters of the fits are listed in Tables 2 and 3.
We notice that each of the four combinations is compatible with the positron data.
The corner plots shown in Appendix B outline a regular and well-behaved set of posterior
distribution functions (PDF). Nonetheless, comparing the numerical values on the tables,
relevant physical aspects have to be noticed:
• Even though we set a prior for the injection indices to be hard, data seem to favorite
the very-hard end of the range: all the cases present Γinj . 1.3, with the softest being
the burst-like injection with intrinsic cutoff.
3Interestingly, their model E1 — which is characterized by diffusion and loss parameters very close to those
adopted in this work — predicts a positron fraction steadily growing with energy up to 100 GeV; above that
energy, the fraction flattens reaching a maximum at about 300 GeV.
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Figure 3: Bayesian fit to the positron flux within two classes of different injection scenarios, where
intrinsic features are added. (a) Burst-like injection with cutoff, (b) constant-luminosity injection
with cutoff, (c) burst-like injection with broken power-law, (d) constant-luminosity injection with a
broken power-law.
N0 Γinj Ecut [GeV] Etot [erg] η
±
Burst 2.4 · 1048 [GeV]−1 1.31 270.78 2 · 5.39 · 1046 –
L0 1.17 · 1035 [GeV · s]−1 1.07 200.43 2 · 2.02 · 1045 < 1.2 · 10−2
Table 2: Our MAP values for the injection-parameters from e± sources with an intrinsic cutoff,
set to have a prior distribution with Ecut > 150 GeV. The total energy injected in the ISM in the
form of leptons is indirectly computed from the fit-parameters: the factor 2 is multiplied because of
the e± symmetry. Only in the L(t) ≈ L0 limit case, which corresponds to a dominating magnetic-
dipole emission, the conversion efficiency η± is computed with respect to the nominal ATNF observed
parameters: it is an upper bound because it is used the rate of energy-loss at the current time.
• For the burst-like solutions the injection features are found at energies higher (Ecut,break >
270 GeV) with respect to the constant-luminosity case (Ecut,break . 200 GeV): this ef-
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N0 Γinj ∆γ Ebreak [GeV] s Etot [erg] η
±
Burst 1.08 · 1048 [GeV]−1 1.02 −2.77 321.65 0.31 2 · 2.35 · 1047 –
L0 1.11 · 1035 [GeV · s]−1 1.10 −1.74 158.02 1.11 2 · 3.35 · 1047 . 1
Table 3: Our MAP values for the injection-parameters from e± sources with an injection break,
parametrized by the multiplying factor
(
1 +
(
E
Ebreak
)|∆γ|·s)sign(∆γ)/s
, set to have a prior distribution
with Ebreak > 150 GeV. The total energy injected in the ISM in the form of leptons is indirectly
computed from the fit-parameters: the factor 2 is multiplied because of the e± symmetry. Only in
the L(t) ≈ L0 limit case, which corresponds to a dominating magnetic-dipole emission, the conversion
efficiency η± is computed with respect to the nominal ATNF observed parameters.
fect is due to the peculiar shape of the burst-like solution, which features a sharp cutoff
that is required to match the drop-off of the data.
• The total amount of energy converted into e± pairs is estimated by means of:
Etot =
∫ Emax
Emin
dE
∫ tage
trel
dt
∫
d3~r E ·Q(E,~r, t), (3.9)
where Emin = 1 GeV and Emax = +∞: only in the cases of logarithmic divergences a
cut at very high-energies (Ecut = 100 TeV) is set. Equation (3.9) gives values compat-
ible with the order-of-magnitude energies that are thought to be injected by pulsars in
the ISM. Besides, an efficiency is estimated with respect to the nominal ATNF param-
eters, for the constant-luminosity solutions only. As a matter of fact, this is because
the ATNF Catalogue is assembled assuming magnetic-dipole emission, but then the
nominal values give a ratio tch/τ0  1, resulting in the constant-luminosity limiting
case. In particular, with a broken power-law, the efficiency is close to 1, but this can
be due to an underestimation of the nominal total-energy injected by the pulsar into
the ISM, as it is argued in Appendix D.
In conclusion, in this section we found that scenarios characterized by a prominent young
pulsar that dominates the high-energy positron flux, and a large number of middle-aged and
old pulsars — modeled as a continuous contribution to the flux — are compatible with
current data, under different hypotheses on both the injection spectrum and the timescale of
the luminosity decline. The best-fit values for the injection spectra are compatible with the
physical mechanisms outlined at the beginning of the sections. However, different scenarios
correspond to different estimates of the total energy budget and to a different hierarchy of the
contributions from the nearby pulsars, as shown in Figure 8. Therefore, given the current
data and the current knowledge on the physics of pulsar wind nebula emission, it is not
possible to clearly identify which objects actually provide the most relevant contribution to
the positron flux.
4 Local electron accelerators explain the high-energy electron data
This section is dedicated to the interpretation of the all-lepton spectrum. We adopt the best-
fit CR transport scenario evaluated in Section 2 and the e± (assumed charge symmetric)
factories are included according to the positron-flux fit discussed in the previous section.
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tage [yr] d [pc] rdiff,1 TeV [pc] rdiff,10 TeV [pc]
rdiff,1 TeV
d
rdiff,10 TeV
d
Vela Jr 2.5 · 103 214.2 1.08 · 102 1.82 · 102 0.51 0.85
Vela 1.23 · 104 250.92 2.69 · 102 4.52 · 102 1.07 1.80
Cygnus L 8 · 103 449.82 2.17 · 102 3.64 · 102 0.48 0.80
Simeis-147 4 · 104 918 4.85 · 102 8.14 · 102 0.52 0.89
IC-443 3 · 104 918 4.20 · 102 7.05 · 102 0.46 0.77
Table 4: The nominal ages and distances of the five closest observed SNRs are listed. The diffusive
distances are also shown for particles of 1 TeV and 10 TeV, in order to have a clear look on the
sources that can contribute to the multi-TeV lepton flux. For a comparison with the loss-properties,
rloss,1 TeV ' 1.15 · 103 pc and rloss,10 TeV ' 6.13 · 102 pc. From the numbers, Vela seems the one that
can contribute the most to the e+ + e− flux.
Under these assumptions, we find that the high-energy lepton flux must be dominated by
local, electron-only sources. We will show that the closest observed SNRs are not sufficient
to describe the observed spectrum and an additional source with specific characteristics has
to be invoked to reproduce in particular the ∼ 1 TeV break recently measured by the space-
born and ground-based experiments H.E.S.S., VERITAS, CALET and DAMPE. Although
no information is provided on the nature of the object, we model it as a SNR, because these
objects are expected to be the bulk of CRs observed at the Earth, mainly based on energetic
arguments (see for instance [66]).
4.1 Contribution from the known objects
Multi-wavelength observations show the presence of five Supernova Remnants (SNRs) in the
local region (within ∼ 1 kpc) surrounding the Earth4 [67], identified with the names Vela Jr,
Vela, Cygnus Loop, Simeis-147, IC-443.
We report in Table 4 the nominal ages and distances of these objects and the distances
that particles with 1 TeV and 10 TeV can travel in the ISM via diffusive transport, as well
as the ratios between the diffusive distance and the distance of the source. We outline that,
given the values reported in that table, the contribution of Vela Jr — the youngest remnant in
the set under consideration — should peak around ∼ 100 TeV, where we do not have reliable
data. As far as the others are concerned, Vela is expected to provide the most relevant
contributions; the other ones are expected to be subdominant, since the diffusive distance
is smaller than the nominal distance, but not negligible. Therefore, we choose to take into
account all the remnants listed above with the only exception of Vela Jr.
In order to estimate the contributions from the sources mentioned above, we perform
a Bayesian fit in which each SNR is modeled as a continuous source of e−. It is possible to
parametrize the problem with the same formalism we used for the pulsar decaying-luminosity
injection, i.e. the luminosity-function can be written as:
L(t) =
L0(
1 + tτd
)αd , (4.1)
4http://www.physics.umanitoba.ca/snr/SNRcat
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Figure 4: Bayesian fit of the e+ + e− flux. The secondary and primary production and the extra-
component, along with the fitted pulsar contribution, are considered as background, while the four
SNRs have their parameters resulting from the fit. The sources are not able to reproduce the ∼ 1
TeV observed break.
where now τd and αd are specific for the release from a SNR and have nothing to do with
pulsar injection mechanisms, and t is as usual the age of the source. The particle propagation
is accounted for by solving the transport equation as described in Appendix A.
The parameters we vary in the fitting procedure are the flux normalization, the injection
index, and the luminosity decline parameters (τd, αd) of the sources. Based on the physical
assumption that the acceleration mechanism is the diffusive shock acceleration (DSA) [15–18],
a prior is set for the injection indices to be Γinj ∈ [2, 3] [68, 69]. The parameters (τd, αd) are
allowed to vary, but are set as identical for each source: we verified that this approximation
has a minimal impact on the final result, for values in the ranges 103 < τd < 10
6 yr and
1 < αd < 3, due to the relatively large distance of the sources of our interest.
The results are shown in Figure 4, and the maximum a posteriori parameters listed in
Table 5.
As expected, the main contribution comes from the Vela SNR, due to the interplay
among the diffusive distance, the distance of the source and the energy-loss characteristic
distance. Simeis-147 and IC-443 cannot give contribution to the O(10 TeV) flux, since their
distance is larger than the loss distance at this energy, and indeed their peaks lie at energies
smaller than ∼ 8 TeV. The contribution from Cygnus Loop is extremely suppressed and even
not visible in the plot, because the source is younger than the others and its peak would
appear at too-high energy to be compatible with the data. Finally, the energy budgets of
the sources are compatible with the amount of energy that are expected by SNR events
(∼ 1051 erg), taking into account the conversion efficiency into leptons within the range
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N0 [GeV · s]−1 Γinj τd [yr] αd Etot [erg]
Vela 1.31 · 1041 2.84
1.87 · 103 2.47
9.52 · 1048
Cygnus L 6.11 · 1039 2.95 3.78 · 1047
Simeis-147 3.98 · 1042 2.98 2.59 · 1050
IC-443 1.03 · 1041 2.93 7.04 · 1048
Table 5: The table reports the MAP parameters resulting from the bayesian fit. Also, the total
energy injected by each source in the form of e± is computed, based on the normalization.
N0 [GeV · s]−1 Γinj τd [yr] αd tage [yr] d [pc] Etot [erg]
1 hidden 2.14 · 1039 2.25 1.13 · 105 2.40 1.54 · 105 658.21 2.45 · 1049
4+1 hidden 6.10 · 1039 2.05 4.97 · 103 2.45 4.97 · 105 1.19 · 103 1.94 · 1049
Table 6: The table reports the MAP parameters resulting from the bayesian fit to the all-lepton
flux. The 1 hidden scenario identifies the case where only an unknown object is considered, while
4+1 hidden fits an unknown SNR on top of the observed SNRs. The total energy injected by each
source in the form of e± is also computed, based on the normalization.
η± ∼ 10−4, ..., 10−1 [70], due to physical phenomena such as the particle escape at the shock
front [71, 72].
The most relevant implication of this result is that the ∼ 1 TeV spectral break cannot
be reproduced with known sources. In fact, as noticed in [73], the propagated spectrum from
a nearby SNR would peak at that energy for a source as old as ∼ 2 · 105, a much larger age
compared to that of the sources considered here.
4.2 Characterization of a potential source reproducing the ∼ 1 TeV break
A Bayesian fit of the data with the emission of all the known sources in the current catalogs
shows that either a radical change in the propagation paradigm or an unknown source are
needed. In particular, an old (∼ 105 yr) SNR seems to be necessary to reproduce correctly
the ∼ 1 TeV break, as first pointed out in [73].
In order to better characterize this potential source we perform a fit of the data in two
different scenarios:
1) None of the listed known sources contribute to the flux,
2) All of them add their contributions to the flux.
The free parameters in both cases are the normalization, the injection index, the (τd, αd)
luminosity parameters, the age and distance of the source. We set a flat prior for the injection
index in the range Γinj ∈ [2, 3], since we assume DSA to be the acceleration mechanism at
work. In the second case, we also assume a flat prior for the distance in the range d < 1.2 ·103
pc, because we do not expect ∼ 1 TeV leptons to come from more distant sources, given the
energy loss mechanisms.
The outcome of this procedure is shown in 1) Figure 5a and 2) Figure 5b and the
parameters summarized in Table 6.
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As a result of this analysis, we find that a hidden old remnant of ∼ 105 yr is actually
needed to reproduce correctly the data, and the best-fit distance is expected to be in the
range (600 – 1200) pc. This range of distances is different from the value quoted in [73], where
a close source (d = 100 pc) is invoked to match the observed data. The discrepancy is mainly
due to the propagation setup: we find that, in accordance with [73], such a close source
would correctly reproduce the data only if a diffusion coefficient with a Kolmogorov-like
rigidity scaling (δ = 0.33) and a smaller normalization were assumed. We remark that our
reference transport scenario with δ = 0.45 is compatible with the MCMC analysis carried out
in [45]. We also mention that a different interpretation for this feature based on an additional
pulsar has been proposed [74].
Given the required age, such a remnant would most likely be in its final radiative phase
and may be not clearly detectable. The SNR catalogue [67] reports a possible candidate
that we find particularly interesting, the Monogem Ring, which is categorized as uncertain
SuperNova Remnant. However, this source is too close (d < 300 pc) to the Earth and its
propagated spectrum does not seem to be compatible with the high-energy (E > 10 TeV)
all-lepton data, according to our propagation scenario, in particular due to our diffusion
coefficient rigidity scaling (δ = 0.45) and normalization.
5 Conclusions
In this paper we provided a comprehensive discussion about the origin of the most relevant
features observed in the positron, electron and all-lepton data recently released by the AMS-
02, CALET, and H.E.S.S. Collaborations.
We first identified a CR transport scenario that provides a very good description of
accurate B/C data published by AMS-02, and the proton, He, C and O data measured by
AMS-02 and Voyager.
With this propagation setup at hand, we considered the positron data, which show a
remarkable excess with respect to the secondary flux expected from the conventional proton-
proton spallation process, and studied the expected contribution from individual pulsar wind
nebulae (PWNe). Starting from a careful study of the analytical solution of the diffusion-loss
equation from individual sources, we characterized the contribution due to a large number of
old PWNe as a large scale extra-component which is often neglected in the related literature.
Then we focused on the prominent peak and drop-off in the positron spectrum recently
found by AMS-02 around 300 GeV. After pointing out as that feature is not compatible with
alternative scenarios in which the largest part of the positron population is originated by CR
nuclei scattering onto the ISM gas, we described it in terms of the emission from a young
PWN under different conditions. We found that a hard acceleration spectrum and a spectral
break or a cutoff at few hundred GeV are required to match the data, which is consistent
with recent theoretical modeling of the typical acceleration mechanisms at the termination
shock of PWNe.
Finally, we turned our attention to the all-lepton spectrum and tried to reproduce its
shape accounting for the contribution of known and possibly hidden SNRs.
We noticed that the contribution of local SNRs takes over the softer large-scale compo-
nent at ' 40 GeV. We found however that the contribution of known nearby SNRs cannot
reproduce the TeV feature recently identified by the H.E.S.S. Collaboration. Then, building
on previous results from [73], we found that if a relatively near, old remnant is included in the
calculation, with declining luminosity and with age ∼ 105 yr and distance in the 600− 1200
– 17 –
pc range, the data are nicely reproduced within the propagation setup described in the first
part, consistently with all the hadronic and leptonic channels under consideration.
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Figure 5: Bayesian fits of the e+ + e− flux: the secondary and primary production, the extra-
component and the fitted pulsar contribution, are considered as background. An additional hidden
SNR with free parameters N0,Γinj, αd, τd, tage, rdist is fitted when: (a) no known SNR is taken into
account, (b) contributions from all the observed SNRs are also considered.
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A Single-source solution to the transport equation
In this appendix we summarize the results of the general treatment made by [25, 54], which
contains the analytical solutions to the transport equation in different injection scenarios.
Comparing the timescales for diffusion (τdiff =
H2
2·D(E)) and advection (τadv =
H
vA
), with
standard average Interstellar Medium (ISM) conditions (which lead to vA ∼ 10 km/s), a
Halo size of H = 4 kpc and a diffusion coefficient resulting from our analysis in the text
(D(E) = 1.98 · 1024 ( E1 GeV)0.45 m2/s) we see that advection is a significant process below
∼ 100 MeV. As we are interested in a high-energy regime (above ∼ 1 GeV), we can neglect
the advection term and write the transport equation in polar coordinates as follows:
∂f(E, t, r)
∂t
=
D(E)
r2
∂
∂r
r2
∂f
∂r
+
∂
∂E
(b(E)f) +Q, (A.1)
where b(E) is the rate of energy-loss and Q(E, t, ~r) the source term. In the high-energy
regime, where Inverse Compton and Synchrotron losses dominate, the energy-loss is given by
b(E) = −b0E2, with b0 = 1.4 · 10−16 GeV−1 · s−1, according to Equation (3.7).
Under the assumption that the emitting source is point-like, the Green-function ap-
proach to solve the equation gives the general solution [25]:
f(r, t, E) =
Q(Et)b(Et)
pi3/2b(E)r3diff
· e−
r2
r2
diff , (A.2)
where we drop the dependence of the source term Q on t and r for simplicity. Et refers to
the energy at a time (t− trel) ago, that, given the currently-measured energy E and the rate
of energy-loss b(E) = −b0E2, is Et = E1−b0(t−trel)E . Therefore, the solution in Equation (A.2)
becomes:
f(r, t, E) =
Q(Et)
pi3/2r3diff
· 1
[1− b0(t− trel)E]2
· e−
r2
r2
diff , (A.3)
where r2diff(Et, E) ≡ −4
∫ E
Et
D(E′)
b(E′) dE
′ is the diffusive distance travelled by a particle loosing its
energy from Et to E. This solution is still general, in that it does not contain any information
about the injection term, that in general can be written Q(t, r, E) = S(E)L(t)δ(r), where we
assume a power-law spectrum with index Γinj, S(E) = S0
(
E
E0
)Γinj
.
Decaying-luminosity injection . When no further information is provided on the lumi-
nosity timescale, the decaying-luminosity function is in the general form L(t) = L0(
1+ t
τd
)αd ,
with αd and τd parameters characteristic of the emission mechanism. Integrating over time
the expression (A.3), we obtain:
f(r, tage, E) =
∫ tage
trel
dt′
S(Et′)L(t
′)
pi3/2r3diff(E,Et′)
· 1
[1− b0(tage − t′)E]2
· e−
r2
r2
diff , (A.4)
where trel is the release time of the particles.
Equation (A.4) is the most general form of the solution and it can be notice that,
as the integration over time is not performed yet, any injection feature can still be easily
implemented in the expression of S(E). In particular, in this work we will use source features
such as an exponential cutoff or a break in the power-law:
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- S(E) = S0
(
E
E0
)Γinj · e− EEcut
- S(E) = S0
(
E
E0
)Γinj · (1 + ( EEbreak)|∆Γinj|·s
)sign(∆Γinj)/s
,
where ∆Γinj is the change in the injection index and s a parameter that rules the sharpness
of the change in the slope. It can be easily seen that in the two limits E  Ebreak and
E  Ebreak we find the two different power-laws.
Constant-luminosity injection . This is a physical scenario that corresponds to the limit-
ing case of (A.4) where the luminosity timescale τ0 is much larger than the age of the source.
Based on this, the luminosity function can be approximated by L(t)→ L0dt.
Beside, if the injection function S(E) does not have any dependence on time, the integral
is easily performed and the solution takes the form:
f(r, tage, E) =
L0S(E)
4piD(E)r
· erfc
(
r√
4D(E)(tage − trel)
)
, (A.5)
with erfc(x) = 2√
pi
∫∞
x e
−t2dt the complementary error-function.
Burst-like injection . This scenario corresponds to the opposite limit with respect to the
previous one, namely the case where τ0 is much smaller than the age of the source. The
luminosity function is therefore L(t)→ L0δ(t− trel)dt, and the solution (A.4) basically takes
the form of the integrand function:
f(r, tage, E) =
S(Etage)
pi3/2r3diff(E,Etage)
· 1
[1− b0(tage − trel)E]2
· e−
r2
r2
diff . (A.6)
It is worth mentioning that any injection features such as the ones discussed before
(i.e. cutoff and break) can be implemented at this step without worrying about the time
integration, due to the presence of the delta function.
The decaying-luminosity and burst-like solutions are valid as long as the condition
1 − b0(tage − trel)E 6= 0 holds, that can also be written as E 6= 1b0(tage−trel) . However, this
expression represents the maximum energy that a particle can have after a time (tage − trel)
spent in the Galaxy. Therefore, the condition becomes immediately E < 1b0(tage−trel) . This
condition translates into a sharp cutoff in the spectrum for the burst injection and for a
peak in the case of decaying luminosity. After this peak, the release time trel grows and
the maximum energy becomes larger, even though the normalization decreases due to the
smaller luminosity. This behaviour does not occur for the constant-luminosity scenario,
where emission lasts constantly up the current time tage, represented indeed by the simpler
mathematical condition tage − trel > 0.
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B Posterior distribution functions for the fit to the positron flux
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Figure 6: Posterior distribution functions of the bayesian fit to the positron flux, corresponding to
the four different scenarios discussed in the text: (a) burst-like injection with exponential cutoff, (b)
constant-luminosity injection with exponential cutoff, (c) burst-like injection with broken power-law,
(d) constant-luminosity injection with broken power-law.
C Estimation of the release time from PWNe
Since the release of the PAMELA data on the positron fraction, several phenomenological
scenarios invoked a relevant delay between pulsar formation and the releease of the elec-
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tron+positron pairs in the ISM (see for instance [75]). The physical picture behind this
time delay, extensively discussed for example in [60], is the following. A typical pulsar forms
in a core collapse supernova event with a natal kick velocity of ' 400 km/s or larger; this
relevant proper motion drives the compact object far from the place of its formation, across
the supernova remnant and then across the shocked ejected material. After the escape from
the remnant, as a consequence of the impact of the relativistic PWN wind onto the ISM, a
bow shock forms. Such structure can hardly confine the electron+positron pairs accelerated
within the PWN: the particles can hence escape from the PWN and contribute to the diffuse
sea of cosmic radiation.
In this work, guided by this physical picture, we estimate the release time by computing
the time needed by a pulsar with a typical kick velocity to escape a typical SN Ia rem-
nant. The time evolution of the SNR shock radius is computed following the prescriptions
summarized in [76]. In particular, the ejecta-dominated phase is described by the self-similar
solutions provided by [77], and the subsequent Sedov phase is modeled adopting the thin-shell
approximation [78], based on the assumption that the mass is mostly concentrated within a
shell of negligible thickness at the forward shock. Given these assumptions on the SNRs, and
within a wide range of pulsar kicks, spanning from 100 to 1000 km/s, we obtain release times
in the interval [104 – 5 · 105] yr. For the purpose of this work, we consider an intermediate
reference value trel = 6.4 · 104 yr, that corresponds to a pulsar with kick vpulsar = 400 km/s.
D Notes on the pulsars from ATNF Catalogue
The position of the peak in the positron flux data (∼ 250 GeV) requires sources that are as
old as ∼ 106 yr, based on Epeak = 1/(b0 · (tch − trel)). A particle diffusing in the Galaxy for
this time interval is coming from a distance
√
4 ·D(Epeak) · (tch − trel) ' 1.3 kpc.
In Figure 7 we report all the pulsars listed in the ATNF Catalogue that are found
within this distance and younger than 2 · 108 yr. We make them inject leptons with a hard
spectrum (Γinj = 1.5) up to an energy Ecut = 300 GeV, where an exponential cutoff e
− E
Ecut
is implemented. This is according to [20], where it is argued that pulsar emission requires a
break in the observed spectrum due to a change in the accelerating site around the compact
object: leptons up to 200 – 400 GeV are accelerated within the nebula by mechanisms that
are not fully understood (e.g. magnetic reconnection), with a hard injection Γinj < 2, while
more energetic leptons are accelerated at the termination shock, thus with a softer spectrum
Γinj > 2 characteristic of the DSA acceleration mechanism. While it is not clear whether
the second population can be considered subdominant, thus justifying a cutoff instead of a
break, this does not affect much the energy budget injected by the source, therefore it is not
crucial specifying it for a proof of concept. After injection, we make them propagate through
the Galaxy via the transport-equation (A.1).
For the release time of the leptons, we consider the value trel = 6.4·104 yr, corresponding
to a pulsar with birth speed vpulsar = 400 km/s, as described in Appendix C. We checked
the extreme values discussed there and verified that the results are qualitatively equivalent,
although the contributing sources change, because sources younger than the release-time
could not have released particles yet.
With this emission paradigm, we plot all the sources that in the figure are marked as
high-energy pulsars. This denomination is due to the emission frequency, but we consider
them because, as shown in the figure, they uniformly span the scatter plot and thus constitute
a good sample. The result is shown in Figure 8, where the constant-luminosity (8a) and the
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burst-like (8b) solutions to (A.1) are compared: only the constant luminosity injection can
reproduce the positron data. This is due to the total amount of injected energy, that we
estimated trivially as Etot = E˙loss · tch. As it can be easily understood, this is a lower bound,
since it is based on the current measurements of the P˙ for E˙loss. Since the energy-loss is
related to the slowing rotation of the pulsar, the rate of loss at the beginning of its life was
larger than what it is now. We can do an attempt to improve the estimation for Etot by
implementing the magnetic dipole (MD) radiation model, as follows:
Etot =
∫ tage
trel
E˙MD dt, (D.1)
where E˙MD = −B2R6Ω46c3 , Ω(t) = Ω0√
1+
tage
τ0,MD
.
Carrying out the integral, we obtain:
Etot = τ0,MD
B2R6Ω40
6c3
·
 1
1 + trelτ0,MD
− 1
1 +
tage
τ0,MD
 . (D.2)
With the ATNF parameters, we actually find that the total amount of energy injected
by mean of magnetic dipole emission is smaller than the lower bound roughly calculated.
This gives us a hint that the emission mechanism requires some modification.
Regardless of the model we assume for pulsar injection, there are two model-independent
aspects that we can observe:
1. There is a very different conversion efficiency: in fact, for given age tch and loss rate
E˙loss, if a source is continuously emitting, then the total amount of energy injected
in the ISM is much larger than in the burst-like case. Therefore to match with the
observed leptons only a much smaller fraction of this energy could have been converted
into leptons, as already mentioned in [60].
2. Among the dominant sources, the hierarchy is inverted between Monogem and Geminga:
this is also as expected if one considers the interplay among the different nominal pa-
rameters of the two pulsars. As a matter of fact, for the case of a burst-like source, all
the energy is injected instantaneously in the ISM, therefore the younger source domi-
nates over the older one, because particles have had less time to loose energy, despite
the difference they have in the total injected-energy computed as Etot = E˙loss · tch. On
the other hand, for the constant-luminosity case, the sources are still emitting, therefore
the discriminating parameter here is Etot.
As a final remark, we see that in both scenarios, there is one source that dominates over the
others by a factor of ∼ 2 and this is why we parametrized the fits in Section 3.4 with one
dominant source.
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Figure 7: The figure is a (d, log10(tage)) scatter plot of all the pulsars that ATNF Catalogue reports
within 1.3 kpc and younger than 2 · 108 yr. Marked with red triangles there are high-energy pulsars,
that have an emission at frequency higher than infrared. As they are distributed quite uniformly, we
will consider them as a good sample.
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Figure 8: We plot here all the high-energy pulsars within 1.3 kpc and younger than 2 · 108 yr found
in Figure 7, according to the nominal parameters of the ATNF Catalogue. (a) Sources are propagated
from a constant luminosity injection, the high-energy data are reproduced with a conversion efficiency
of η± = 0.043. (b) Sources are propagated from a burst-like injection, the high-energy data cannot
be matched, due to the insufficient nominal injected energy. Notice the inverted hierarchy of the
dominant sources.
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